For an optimum performance of MEMS devices such as microactuators and microsensors based on piezoelectric thin films a Si/Ti/Pt bottom electrode is widely used. This study shows temperature dependence of surface morphology of both platinum bottom electrode and piezoelectric lead titanate zirconate (PZT) thin films. Ti (10 nm) and Pt (100 nm) thin films were deposited on silicon substrate by thermal evaporation and electron beam, respectively, without vacuum breaking. After annealing treatment, the Pt film exhibited (111) preferred orientation. Finally a 0.8 micron thick PZT (54/46) films were deposited by r.f. magnetron sputtering at room temperature in pure Ar followed by a conventional post annealing treatment on silicon substrate. The XRD measurements have shown the perovskite structure of PZT films with (100) preferred orientation growth. The roughness of platinum film measured by AFM test showed the continuous smoothness of platinum surface for different annealing temperatures. The SEM test results demonstrated that irrespective of the annealing temperature increases, recrystallization of platinum and nano-size holes on Pt surface occurred. The latter caused the acceleration of out-diffusion titanium atoms through Pt layer and reach to the other side of surface. The surface state of Pt thin film is very important as it could strongly influence the PZT surface morphology so the existence of bubbles and depression on PZT surface are increased with both recrystallization of Pt grains and nano-size holes on Pt film surface when the annealing temperature increased.
Introduction
The ceramic lead zirconate titanate Pb(Zr x ,Ti 1-x )O3 (PZT) films near the morphotropic phase boundary fabricated by RF magnetron sputtering, are successfully integrated into silicon-based microelectromechanical systems (MEMS), especially for application in microsensors and actuators [1] . One of the most important challenges is the selection of the materials for bottom electrode and its influence on the PZT properties. Platinum layer is the most widely chosen bottom electrode for Si-based devices because of its high thermal conductivity, good stability in oxidizing atmospheres, its relatively low crystallization temperature and its lattice parameter that is close to that of PZT [2, 3] . The Ti layer is necessary to promote the adhesion of Pt to underlying silicon but adversely the diffusion of Ti atoms through Pt layer during the annealing treatment and reach to the other side of surface occurred and cause to formation of Titanium oxide TiO x [3] so the annealing temperature consequently must be carefully controlled. After deposition of sputtered PZT on bottom electrode, a post annealing treatment is necessary to transform the phase of PZT from amorphous to perovskite. The bubbles and hillocks occurred on PZT surface because of the post annealing treatment [4] . These bubbles and hillocks cause electric shorting of the sensors and actuators Experimental results for Ti (10nm) and Pt (100nm) indicated that if the annealing temperature of bottom electrode exceeds 650 °C, bubbles and hillocks appeared on the surface of PZT, due to volatilization of PbO due to high temperatures [4] . In this study the development of a stable bottom electrode structure on surface morphology of PZT thick films has been investigated by SEM, AFM and X-ray diffraction.
Experimental Results
Single faced polished silicon wafers with (100) orientation were cut for obtaining 1cm× 1cm substrates. The Pt and Ti layers with thickness of 10nm and 100nm were deposited using thermal evaporation and electron beam respectively without vacuum breaking. The depositions achieved in an Edwards Auto 306 RF Magnetron Sputtering System and film thickness were measured in real time during deposition using a quartz thickness monitor. Before each deposition sequence, the chamber was evacuated to a base pressure of at least 5.5×10 -6 Torr to work with low contamination. The work pressure of 4.0×10 -6 and 6.5×10 -5 Torr was controlled for both Ti and Pt deposition respectively. The as-deposited Pt layer exhibited a (111) preferred orientation. This orientation was reinforced after annealing treatment ( Fig. 3 ) ranging from 500°C to 800°C for 30 minutes.
The PZT thin films were deposited at room temperature for 3 hours, using an RF power of 90W. In this case, a lower RF power was used because of the risk of target damage [5] . Before every deposition, the targets were pre-sputtered for about 10 min in order to avoid contamination. The selected sputtering conditions are summarized in Table1. No lead excess was used in the target. The PZT thin film was post annealed at 700°C for 30 minutes. The structural characteristics of the Pt bottom electrode and PZT thin films were analyzed using X-ray diffraction (XRD) scanning electron microscope (SEM) and atomic force microscope (AFM). Results and Discussion SEM Results. In this experiment, the surface morphologies of the deposited platinum bottom electrode and PZT thin films were observed by SEM and the surface morphology of 100nm Pt thin film annealed at different temperatures were studied ( Fig. 1 ). It was apparent that nano size holes, which, were expected as being in the junction of the grain boundaries, when temperature increased to higher than 650°C, appeared to be on the Pt surface. It is believed that these nano size holes play an important role in the Ti out diffusion on the surface [3] . Additionally, the recrystallization grains of Pt occurred in temperatures higher than 600°C. The size of holes increased and the size of Pt recrystallization grains decreased in temperatures between 650°C and 800°C ( Fig. 1) . Figure 2 shows the surface morphology of sputtered PZT thin films, deposited on Pt bottom electrode. It is apparent that the surface morphology of PZT has completely been changed with annealing temperature of bottom electrode, and for temperatures above 700°C the roughness of PZT surface increased ( Fig. 2. d, e ) due to the grown large black holes and recrystallized Pt grains around the holes (Fig. 1 e) . Additionally due to volatilization of PbO, there were some bubbles and hillocks on the surface of PZT at temperatures above 650°C (Fig. 2 f) [4] . An optimum condition for obtaining a smooth surface of PZT thin film with dense grain boundaries is suggested to be at annealing treatment of Pt at 600°C for 30 minutes. X-ray Analysis. The annealing treatment is necessary to produce the (111) orientation of Pt, which is well known to enhance the (100) PZT perovskite phase, because of it's small lattice mismatch between the two orientations [2] . As was observed for the Ti/Pt films in Fig. 3a , the weak (111) peak was centered at 39.8 for the as-deposited Ti/Pt. After annealing, the peak intensity increase revealed an intensification of the preferred orientation (Fig. 3b ). All of the PZT peaks can be assigned to the perovskite phase without formation of pyrochlore phase in the diffractograms. The pyrochlore phase that formed at lower temperatures was an oxygen-deficient fluorite structure and exhibited no ferroelectric or piezoelectric properties [4] . In addition, since the (100) and (111) preferred orientations of PZT thin film had larger piezoelectric coefficients, the degree of orientation D n for each crystalline direction (n) was calculated using the expression (1) [4] . 
where I n is the intensity of each peak measured from the X-ray pattern, c n I is the relative intensity of each peak from the powder diffraction file card for Pb(Zr0.52,Ti0.48)O3. The ratio of c n n I I indicates the normalizing of each peak with the same peak in file card of JCPDS. Figure 3 c shows the D n values for each crystalline direction of PZT thin films deposited at various annealing
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Measurement Technology and Intelligent Instruments IX temperatures. The D n values of (111) preferred orientation was in the middle of graph and the maximum D n values was for (100) orientation. As the results of current work, one could grow (100) PZT thin film orientation that adapted with piezoelectric properties of PZT. In temperature range between 500°C and 600°C the D (100) values increased quickly, because the perovskite structure of the PZT thin film was rapidly generated from the pyrochlore phase. However, the D (100) value decreased if the annealing temperature was higher than 600°C due to the volatilization of PbO during the annealing treatment [4] . Surface Roughness. To compare the Pt roughness before and after annealing treatments, AFM was measured over 16 µm 2 scanning (Fig. 4a, b ). The measurements on as-deposited Pt surface indicated that the height of the grains mostly ranged from 5 to 20 nm (Fig. 4a) , which is smaller than the original film thickness and is acceptable. After annealing treatment at 600°C for 30 minutes, the height of the grains changed widely from 50 to 210 nm due to the growth of Pt grains. A significant RMS roughness increase was observed from 2.7 nm for the as-deposited up to 33 nm after annealing (Fig. 4 b) .
AFM images of the PZT film before and after post annealing are shown in (Fig. 5 a, b ). For as deposited PZT thin film (Fig. 5 a) the mean height of grains is 63.5nm (from 39 to 158 nm) because of grain size distribution of Pt bottom electrode. After post annealing treatment it is almost 99nm (from 46 to 187 nm). A weak increase (28%) between the RMS roughness before and after the post annealing (from 25 to 32 nm) has been measured. 
Conclusion
In the current study, the effects of annealing temperature on characteristics of the bottom electrodes such as the formation of nano size holes and out diffusion of Ti atoms and recrystallization of Pt grains were studied. The SEM patterns indicated that in order to obtain a perfect surface of Ti/Pt bottom electrode and thereby smooth surface of PZT films, the annealing temperature must be maintained at 600ºC. The XRD patterns and D n factor indicated that the perovskite PZT thin films were successfully deposited onto Si/Ti/Pt substrates with (100) preferred orientation matching with an optimum piezoelectric coefficient. Additionally, the AFM results at 600ºC demonstrated that the annealing treatment made a significant increase in the roughness surface of bottom electrode due to the recrystallization of Pt.
